Introduction
Modulations in the intensity of galactic cosmic ray (GCR), observed using the ground-based instruments have been studied for decades [1, 2, 3, 4, 5] . These variations can be caused by solar activity or due to the effect of Earth's atmosphere. The solar modulations of GCRs observed at Earth have served as a useful tool to study the space-weather effects caused by transient phenomena such as solar flares, coronal mass ejections (CMEs), and coronal holes. When the GCRs interact with the atmosphere, they produce secondary particles that ground-based detectors can measure. These measurements can be used to study the solar modulations of GCRs, which are mainly observed in the secondaries produced by the primary cosmic rays of energies <100 GeV. Also the secondaries produced in the atmosphere will get modulated by the atmosphere, which depends on parameters such as pressure and temperature [6, 7] . The rarer the atmosphere the lesser will be the interaction of particles, hence more decay, whereas for a denser atmosphere the decay rate will be less. It is essential to identify these atmospheric modulations due to pressure and temperature and make the corresponding corrections to use secondary particle data for solar modulation studies. In this work, we explain the methods used to identify and correct the pressure modulations in the HAWC TDC-scaler system. The GCRs reaching the top of the atmosphere interact with atmospheric nuclei and produce an increasing flux of secondary particles as they propagate downwards. These secondary particles mainly consist of neutrons and mesons (pions and kaons). Due to the relatively long lifetime ( ∼15 min) of neutrons, a good fraction of them survives down to the ground-level, whereas the mesons decay because of their short lifetime and produces muons. The majority of these muons survive down to the ground-level affected by an energy-loss mechanism that is dominated by ionization. A large fraction of these muons is produced higher up in the atmosphere at ≥ 6 km [7] , and constitute the dominant fraction of secondary cosmic rays at sea-level.
HAWC Data sets
The High Altitude Water Cherenkov (HAWC) observatory is located on a relatively flat piece of land near the saddle region between the Sierra Negra and Pico de Orizaba, with latitude 18 • 59 41" N, longitude 97 • 18 30.6" W and altitude at 4100 m above sea level. HAWC consists of 295 water Cherenkov detectors (WCD) spread over an area of 20,000 m 2 , each of it is 7.3 m in diameter and 4.5 m in depth. Each of these WCDs is filled with filtered water and instrumented with 4 photomultiplier tubes (PMTs). A 10-inch PMT at the center of the WCD is at positions 'C', and three 8-inch PMTs are arranged around the central one making an equilateral triangle of side 3.2 m at positions 'A, B and D'. The TDC-scaler system of HAWC records the output of each one of the 1180 PMTs (R1) as well as the multiplicity rates M 2 , M 3 and M 4 from each WCD. In this analysis we will be using data from this TDC-scaler system. This analysis is carried out using '1-minute' averaged data from the HAWC TDC-scaler system, for the months of September, October and November of the year 2016. We used data from all 1180 PMTs and multiplicities M 2 , M 3 and M 4 , which will be called R 1 , R M2 , R M3 and R M4 respectively. The vertical cut-off rigidity of HAWC is 7.9 GeV [8] and the median energy rigidity is 41.97, 41.46, 42.28, and 45.04 GeV respectively for R 1 , M 2 , M 3 and M 4 . The atmospheric pressure at the HAWC site is measured every minute using a barometer. The variation of R 1 , R M2 , R M3 , R M4 and the atmospheric pressure over a period of 7 days from 2 to 8 October 2016 are shown in figure 1 . An anticorrelation between atmospheric pressure and TDC-scaler rates are clearly visible in this figure and a dominant 12 hour periodicity in both the data sets are also observed. As HAWC used PMTs of different sizes, e.g., 8-inch and 10-inch, the mean rates of PMTs (< Rm 1 >) are different and the rates also depend upon each PMTs gain, operation voltage, and its quantum efficiency. Since the mean rates are spread over a large range (∼ 400 − 800 counts/sec), we consider the percentage variation ( R 1 −<Rm 1 > <Rm 1 > × 100) of rates for each PMTs and multiplicities in our analysis. Since the physical phenomena of solar and atmospheric modulations cover a large area and affect the PMTs uniformly, the percentage variations observed in each PMT will have the same percentage variations irrespective of their gain.
Estimation of pressure coefficient β P
The variation in atmospheric pressure is due to the changes in the mass of the air column above the detector which in turn results in a corresponding variation in the flux of secondary particles. This effect is observed from the anti-correlation of the TDC-scaler rate and its multiplicities with the pressure as shown in figure 1. The secondary particle rate observed using the ground-based detectors is affected by the modulations due to solar origin along with the atmospheric origin, which makes the estimation of pressure or temperature dependence of the secondary particle rate more difficult [6, 7] . Due to its near-equatorial location (18 • N) the pressure at the HAWC site shows a periodic variation with a period of ∼ 12 hrs [9, 10] , which is a tidal effect. This is due to solar heating function, what we see at HAWC is the effect of a westward propagating gravity wave that is Sun synchronous. Basically the Sun heats the atmosphere and its scale height increases, then gravity pulls the gas back down. The solar heating function is like a square wave with many harmonics, so the second harmonic can be stronger than the fundamental. The observed TDC-scaler rate also show a synchronous periodic responses in anti-correlations with the pressure variations. We used this periodic behavior to estimate the pressure dependence in the TDC-scaler rate using the 'Fast Fourier TransformÂt' (FFT) on both the data sets.
The FFT power spectra for the scaler rates R 1 and multiplicity rates R M2 , R M3 , R M4 and pressure were calculated. Examples of the power spectra of R 1 and pressure are shown in figure 2. It is clear from the figure that the pressure spectra has a dominant peak around 2 cpd and the rates R 1 also show a dominant peak corresponding to this frequency. The power spectra of TDC-scaler rates R 1 show another dominant peak which is possibly due to the solar modulation present on the TDC-scaler rate such as the 1 cpd frequency that corresponds to the solar diurnal anisotropy. The dominant peak of the power spectra of pressure and TDC-scaler rates at 2 cpd implies a significant contribution from pressure variation on the TDC-scaler rate observed. This feature in the data sets was exploited to segregate the non-barometric effects from the TDC-scaler rates R 1 , R M2 , R M3 ,& R M4 and used to estimate an accurate pressure coefficient (β P ) for these rates. To extract only the 2 cpd barometric effects from the data sets we used a narrow-band filter W(f). Similar filters were used in the past to extract the atmospheric effects from muon variations observed in another muon detector [6, 7] . The filter was designed to select the frequencies centered at 2 cpd and is described as below,
Here the central frequency is represented by f c , in our analysis the filter was constructed with f c = 2 cpd and ∆ f = 0.01. This filter has a 100% acceptance within the range from 1.99 to 2.01 cpd and the acceptance is gradually decreases to zero following a sinusoidal behavior in the range from 1.99 to 1.98 cpd, and 2.01 to 2.02, respectively. Outside of this range of frequencies, the acceptance become zero. This narrow-band filter was applied to the FFT frequency spectrum of the pressure and the TDC-scaler rates R 1 , R M2 , R M3 , & R M4 . The resultant spectra contain only frequencies from 1.98 to 2.02 cpd, example is shown in figure 3 . The filtered spectrum has a smooth sinusoidal transition on either side of f c , and removes all the frequencies below 1.98 cpd and above 2.02 cpd. This filtered power spectra were converted back into the time domain by applying an inverse fast Fourier transform (IFFT). The original pressure data and the IFT after filtering are shown in figure  4 , and the same for R 1 are shown in figure 5 . From the figures, we can see that the higher and lower order frequencies are entirely removed and the IFT data has a periodicity of ∼ 12 hours, with the baseline of zero. The IFT data of these data sets were folded to fit into a 24-hour window and The dependence of R 1 on the atmospheric pressure can be found by plotting the IFFT of R 1 against the IFFT pressure data as shown in top panels in figure 7 . Each data point in these plots represents the mean R 1 for a pressure bin of width 0.1 hPa. Empirically the dependence of TDCscaler rates on the atmospheric pressure can be described by an exponential function as
where R(P) is the rate observed at the ground based detectors at pressure P, R(P m ) is the rate at the mean pressure level, ∆P is the deviation in pressure from its mean value P m , and parameter β P is the pressure coefficient. It can be observed from the figures 3, 4 and 6 that the amplitude of pressure is small and of the order of ∼ 0.7hPa. Considering this value is less than 1, we took the first order linear approximation in Taylor series expansion of the exponential function in Eq.3.2 as, 
The HAWC site experiences stormy weather. Storms cause significant pressure variations, so in our analysis we carry out both the exponential and the linear approximation aproaches. The dependence of TDC-scaler rates R 1 on the atmospheric pressure are shown in figure 7 . The top left panel shows a fit of an exponential function ' C 1 + exp β P ∆P '. In the top right panel we fit the linear approximation 'C 2 + β P ∆P'. The bottom panles shows the residual of fitting to the data. Similar analyses were carried out for all the single PMT R 1 rates corresponding to the 1180 PMTs as well as the multiplicity rates R M2 , R M3 , & R M4 corresponding to the 295 tanks of HAWC. These analyses were carried out using data from the months of September, October, and November of 2016. The pressure coefficients β P were obtained using both the exponential and linear approximations for these months. The distribution of β P of R 1 obtained using both methods for these months are shown in figure 8 and the mean value of β P of R 1 , R M2 , R M3 , & R M4 for each month is given in the Table 1. The estimated β P for the three months are consistent within the statistical accuracy of the experiment.
Pressure correction
The mean value of β P was estimated from three months of data using both methods (exponential method β P = -0.337 %/hPa, linear method β P = -0.343 %/hPa). The χ 2 for both the methods for each PMT were calculated. The mean χ 2 for linear method was 5.7 × 10 −4 and that for exponential method was 2.7 × 10 −3 . It has to be noted that the value of β P for both the methods are consistent within the statistical accuray of the experiment, but considering the best fit for the liear method with the lower χ 2 value we stick with this method for the presure correction of HAWC scalar system. The rates R 1 before and after pressure correction are shown in the first panel of the figure 9 . For a comparison, the FFT was applied to the corrected R 1 . The resulting power spectra are shown in the second panel of figure 9 . It is clear from the figure that the amplitude of 2 cpd was reduced drastically which was mainly due to the pressure component, whereas the amplitudes corresponding to other frequencies were almost unaffected. Pressure correction were applied to the multiplicities R M2 , R M3 and R M4 using the same method.
Checking the health of PMTs and Tanks
The cut-off rigidity of vertical protons for HAWC is 7.9 GeV [8] , and the median rigidity for the TDC-scaler multiplicities varies within range of ∼ 41 − 45 GeV. Most of the pions and kaons produced by these low energy protons decay well before they reach Earth because of short lifetime, hence the modulation observed in TDC-scaler rate by the atmospheric pressure is mainly due to the decay of muons in the atmosphere, and this is well evidenced by the negative correlation observed. The pressure modulation is a purely physical phenomenon due to a property of the atmosphere and hence will be independent of the detector, thus the value of the pressure coefficient β P for the 1180 PMTs should be similar, any deviation of β P can be due to a malfunction of that particular PMT or its associated components. The distribution of β P for the month of October is shown in the figure 10 . The distribution of β P has a Gaussian nature and the sigma for this Gaussian fit was σ = 1.29 × 10 −2 , the vertical blue and magenta lines show the cut-off range of 2 and 3 σ . We have classified the health of these PMTs and tanks depending up on their β P value and are shown in the Table 2 . The value of β P and its deviation from the mean value gives us a quantitative measure of how well a PMT is functioning in its normal gain mode. With this classification, we chose the PMTs within a 3 σ range to include in our analysis of solar modulations. This correction will improve the accuracy of the measurement of GCR modulation by reducing the systematic errors PMT Good  1027 1005 999 260 245 226 266 255 263 256 240 250  3σ to 5σ  40  24  40  15  11  9  4  7  8  8  9  8  Above 5σ  103  142  128  18  38  58  23  32  22  24  37  29  No-data  10  9  13  2  1  2  2  1  2  7  9  8   Table 2 : Classification of PMTs and Tanks and will make the data more suitable for the solar modulation studies. The smilar selection process were applied to the tanks for the multiplicity rates.
Summary
The study of solar modulations of GCRs is an excellent tool to identify space weather transients. However, an accurate estimation of the pressure coefficient β P and a suitable correction method to remove the pressure induced modulations from the data is required to perform the study of the solar-induced phenomena. The correlation of atmospheric pressure and the observed secondary particle rate of Earth-based detectors are well known, but the interference of the solar modulations such as solar diurnal anisotropy, and Forbush decrease events complicate this relationship. The observed 12-hour periodic nature of pressure at the HAWC site was exploited to extract the strong anticorrelation between the pressure and the TDC-scaler rate. The usage of FFT and a narrow band filter made it possible for the effective isolation of pressure-induced modulation from the solar modulation to obtain this strong anticorrelation and then an accurate estimation of the pressure coefficient β P . The consistent result for September, October and November proves the consitancy and accuracy of this method. The obtained value of β P and its deviation from the estimated mean value were used as a quantitative measure to deduce normal performance of a PMT and tank, which is used to remove the abnormally behaving PMTs and tanks from our further analysis for the study of solar modulations.
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